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Abstract. We calculate the local quasi-particle current of a Majorana state in a planar hybrid
(superconductor-semiconductor) nanowire. In absence of perpendicular components of the
magnetic field the current flows in circular trajectories without a preferred orientation. On the
other hand, when a perpendicular component of the magnetic field is present the quasi-particle
current circulates surrounding the Majorana density peak with an orientation established by
the magnetic field.
1. Introduction
Majorana modes appear in quasi-1D wires as effectively charge-less, zero-energy eigensolutions.
They arise from the splitting, through a phase transition, of bulk electronic states into pairs
of quasi-particles on the wire ends, each one being its own antiparticle [1, 2, 3, 4]. These
phase transitions are known to occur at particular values of the magnetic field [5] giving rise to
characteristic phase diagrams. Recently, we have investigated the role of the magnetic orbital
motion on the physics of Majorana states. In Ref. [6] it is shown that in a planar nanowire
the main effect of the orbital motion is to change the Majorana phase boundaries. In general,
stationary Majorana states can sustain non-vanishing local quasi-particle currents. Furthermore,
these currents are altered by the kinetic orbital motion caused by the off plane components of
the magnetic field. In this proceedings article we extend the work of Ref. [6] studying the
quasi-particle current present in planar Majorana nanowires with and without components of
the magnetic field perpendicular to the nanowire surface.
2. Physical model
Majoranas can be obtained in nanowires due the combined effects of s-wave superconductivity,
Rashba interaction and an external magnetic field. We consider a nanowire where the electronic
motion is restricted to the xˆ (longitudinal) and yˆ (transverse) directions in presence of these
three effects. The homogeneous magnetic field points in an arbitrary direction and the edges
are modeled as infinite square well potentials in the longitudinal and transverse directions (see
Fig. 1a). Therefore the nanowire physics is described by a Hamiltonian of the Bogoliubov-de
Gennes kind
HBdG =
(
p2x + p
2
y
2m
+ V (x, y)− µ
)
τz +∆s τx +
α
h¯
( pxσy − pyσx ) τz
+∆B (sin θ cosφσx + sin θ sinφσy + cos θ σz) ,
(1)
Figure 1. a) Schematic of a 2D planar
nanowire showing the axis definitions. The
density distribution of Majorana modes on
the wire ends is qualitatively shown. b)
Phase transition proximity measure with
phase transitions (at zero value) in red, as
a function of ∆B and polar angle θ. The
azimuthal angle remains φ = 0. The results
correspond to an InAs nanowire with α =
30meVnm, ∆s = 0.3meV, gyro-magnetic
factor g = 15, effective mass ratio m∗ =
0.033, and Ly = 150nm in a magnetic field
range from zero to 6 T. Both figures taken
from Ref. [6].
where the different terms are, in left to right order: kinetic energy, electrical potential V , chemical
potential µ, the superconductor term with strength ∆s, the Rashba spin orbit interaction term
with coupling strength α and finally, the Zeeman term of a magnetic field of magnitude ∆B and
arbitrary polar and azimuthal angles (θ, φ) ≡ nˆ. The Pauli operators for isospin (particle-hole)
are represented by τx,y,z while those for spin are σx,y,z. In a planar nanowire the perpendicular
component of the magnetic field induces orbital motions of the nanowire quasi-particles through
the substitution ~p→ ~p+ e
c
~A(x, y) in the kinetic and Rashba terms (using the e > 0 convention).
The additional orbital terms obtained with this substitution in Eq. (1) are given in Ref. [6].
The semi-infinite nanowire exact zero-energy solution can be obtained by means of the
complex band structure method of Refs. [6, 7]. More specifically, the infinite nanowire
eigensolutions are obtained numerically from the effective one dimensional Hamiltonian.
Imposing the boundary condition to a superposition of infinite-nanowire solutions with different
wave numbers yields the Majorana edge state. This method has the advantage of being
computationally effective in comparison with direct diagonalization methods, even with fine
spatial grids, and can also be used to obtain the phase diagram of a Majorana nanowire inside
a tilted magnetic field as shown in Fig. 1b. In particular, a phase transition proximity measure
is displayed where phase boundaries (zero values) appear as red lines, and the regions with
a Majorana mode are labeled with an M while regions without a Majorana are not labeled.
Dashed lines indicate the phase transition analytical limits
∆
(c)
B,n =
√(
µ− ǫn +
mα2
2h¯2
)2
+∆2s , (2)
and
θ(c)n = arccos
(
gm∗
4(n − 12)
)
, (3)
where n = 1, 2, 3, ... . We refer to Ref. [6] for further details. The results are presented in
characteristic units of the problem obtained by taking h¯, m and the width of the nanowire
Ly as reference values. That is, our length and energy units are, respectively, LU ≡ Ly and
EU ≡ h¯
2/mL2y.
3. Quasiparticle current
The quasi-particle continuity equation for the Hamiltonian of Eq. (1),
∂ρ(x, y)
∂t
= −∇ · ~ (x, y) , (4)
is obtained from the Majorana probability density ρ(x, y) = Ψ(x, y)Ψ∗(x, y) and the time
dependent Schro¨dinger equation ih¯∂tΨ(x, y) = HBdGΨ(x, y), where Ψ(x, y) is defined as the
four-component spinor Ψ ≡ (ψ++, ψ−+, ψ+−, ψ−−)
T in spin and isospin space. The rate of
change of the Majorana density depends on the divergence of the quasi-particle current
~ (x, y) = ℜ [ Ψ∗(x, y) vˆΨ(x, y) ] , (5)
that is directly proportional to the real part of the velocity operator vˆ ≡ (vˆx, vˆy), where
vˆx = ∂H/∂px and vˆy = ∂H/∂py, in the same way as in Ref. [8]. For our particular Hamiltonian
the x and y components of the velocity operator read
vˆx = −i
h¯
m
∂xτz +
e
mc
Ax(x, y) +
α
h¯
σyτz , (6)
vˆy = −i
h¯
m
∂yτz +
e
mc
Ay(x, y)−
α
h¯
σxτz . (7)
As the density is constant in time, the resulting current has zero divergence, ∇ · ~ = 0.
Equation (5) can be rewritten as the sum of a familiar quasi-particle current for non Rashba
superconducting devices [9, 10], plus a Rashba current ~so
~ (x, y) =
h¯
m
ℑ [ Ψ∗(x, y)∇τz Ψ(x, y) ] +
e
mc
ρ(x, y) ~A(x, y) + ~so(x, y) , (8)
where
~so(x, y) =
α
h¯
ℜ [ Ψ∗(x, y) (σy xˆ− σxyˆ)τz Ψ(x, y) ] . (9)
In this form it is possible to recover the usual expression for the current in absence of Rashba
and superconductivity [9, 10] making the Rashba strength α zero and removing τz.
4. Results
We can see in Figs. 2a and 2b the quasi-particle current streamlines with the Majorana density
ρ(x, y) in the background, for two cases. In the first one (Fig. 2a) the magnetic field points
along the longitudinal direction of the nanowire (θ = 90◦) while in the second one (Fig. 2b) the
magnetic field has a component perpendicular to the surface of the nanowire (θ = 75◦). We
notice that the current field is modified by the electronic orbital motion in the second case.
The main effect of the Majorana, in terms of quasi-particle transport, is to create circulating
currents. For the longitudinally oriented magnetic field there is no preferred circulation
orientation. As shown in Fig. 2c, the (z-component) rotational of the current has a maximum
near the Majorana density peak and a minimum between the main and the secondary Majorana
peaks. In the second case, with a perpendicular component of the magnetic field, a circulation
orientation is enhanced over the other. We can see a strong current circulation around the
Majorana density peak (see Fig. 2d) creating a maximum in the rotational near that point. This
has similarities to what happens to the current near vortices in p-wave superconductors. On
the other hand, the region of high circulating current around the Majorana peak is surrounded
by regions of low or no current near the edges of the nanowire. This gives rise to minima in the
value of the rotational.
Figure 2. Current (~ )
streamlines for longitudinal
(a, c) and tilted field (b, d).
The background in panels (a,
b) shows the density, while
in (c, d) it shows the z-
component of the rotational
[∇ × ~ ]z. In each case
the fields are normalized to
their respective maximum
values. The parameters are
the same of Fig. 1. The
streamlines are colored in
a gray scale to show the
regions of maximum current
in black and the regions of
zero current in white.
5. Conclusions
We have extended the study of Ref. [6] by calculating the local current associated with the
Majorana state. We have shown that the main effect is the emergence of circulating currents.
These currents follow closed trajectories without a preferred direction of circulation, in absence
of a perpendicular component of the magnetic field. On the other hand, when a perpendicular
component is present a quasi-particle current circulates around the Majorana peak in a vortex-
like scenario. These quasi-particle currents may be difficult to measure experimentally in closed
nanowires. However, in future work we will address the study of how these quasi-particle
currents may change in open Majorana nanowires where they give a contribution to the nanowire
conductance.
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